Background: Relationships between genetic risks for chronic diseases and long-run wellbeing are largely unexplored. We examined the associations between genetic predispositions to several chronic conditions and long-term functional health and socioeconomic status (SES). Methods: We used data on a nationally representative sample of 9,317 adults aged 65 years or older from the 1992 to 2012 Health and Retirement Survey (HRS) in the US. Survey data were linked to genetic data on nearly 2 million single-nucleotide polymorphisms (SNPs). We measured individual-level genetic predispositions for coronary-artery disease, type 2 diabetes (T2D), obesity, rheumatoid arthritis (RA), Alzheimer's disease, and major depressive disorder (MDD) by polygenic risk scores (PRS) derived from genome-wide association studies (GWAS). The outcomes were self-rated health, depressive symptoms, cognitive ability, activities of everyday life, educational attainment, and wealth. We employed regression analyses for the outcomes including all polygenic scores and adjusting for gender, birth period, and genetic ancestry. Results: The polygenic scores had important associations with functional health and SES. An increase in genetic risk for all conditions except T2D was significantly (p < .01) associated with reduced functional health and socioeconomic outcomes. The magnitudes of functional health declines were meaningful and in many cases equivalent in magnitude to several years of aging. These associations were robust to several sensitivity checks for ancestry and adjustment for parental educational attainment and age at death or the last interview if alive. Conclusion: Stronger genetic predispositions for leading chronic conditions are related to worse long-run health and SES outcomes, likely reflecting the adverse effects of the onset of these conditions on one's wellbeing.
A majority of older adults (>60%) live with two or more chronic conditions (1) . Twin studies have long established that genes are contributors to chronic conditions such as cardiovascular disease, diabetes, obesity, RA, Alzheimer's disease (AD), and depression (2) (3) (4) (5) (6) (7) (8) (9) (10) . Only recently, however, has it become possible to measure individual-level risks for these chronic diseases using molecular genetic data from GWAS. These studies facilitate individual-level quantification of genetic risks for specific conditions using PRS based on a person's genotype and the GWAS-derived genetic effects on the conditions (11) . GWAS-derived PRS have shown promising results in explaining variation in individual outcomes in several settings (12) (13) (14) (15) (16) .
Although evidence is accumulating about the processes through which genetic predispositions impact the onset of chronic diseases, less is known about the longer term implications. A natural hypothesis is that genetic risks for major chronic conditions are related to worse long-term functional health outcomes (eg, self-reported health status, depressive symptoms, cognitive function, or limitations in everyday activities). Such hypothesis has, of yet, little to no empirical support. Genetic predisposition can influence these functional health outcomes through the onset, severity, and prognosis of chronic conditions including preclinical effects. All else equal, stronger genetic risks likely worsen functional health outcomes. Furthermore, even though moderate to strong genetic influence on several functional health outcomes among older adults has been documented in twin studies, empirical evidence on specific genetic pathways is limited (17) . Recent evidence indicates that greater genetic predisposition to obesity measured by GWAS-derived PRS is associated with higher medicare expenditures among older adults (18) , providing support for the hypothesis that measurable individual-level genetic risks for chronic conditions can have long-run effects on health and even health services use and expenditures.
By impacting functional health, genetic predisposition to chronic conditions may also reduce SES attainment. Recent work has employed two approaches to evaluate how genes may influence such attainments. One has been to identify genetic variants associated with specific SES outcomes (eg, education (19) , social deprivation, and household income (20) ). A second approach has been to use PRS as instruments for anthropometric traits like height and body weight in an attempt to identify their effects on SES (21) . There is, however, little empirical work that examines the effects of genetic predispositions to chronic conditions on SES attainment, especially on long-run SES outcomes among older adults like total wealth. Examining these links is important for understanding how heritable biological risks, in the form of measurable genetic predispositions to chronic diseases, are related to long-term wellbeing and successful aging (22, 23) .
The literature to date has focused on the effects of self-reported chronic conditions on long-term health and SES outcomes (24, 25) . However, reporting errors (26, 27) , undiagnosed conditions, and confounders resulting from complex genetic and environmental etiologies are key challenges. Therefore, focusing on genetic predisposition to onset of chronic disease offers important advantages over self-reported conditions.
We begin to fill in these knowledge gaps by examining the associations between genetic predispositions to major chronic conditions and long-run functional health and SES attainment. Specifically, we examined how PRS for coronary artery disease (CAD) (28), T2D (29) , body mass index (BMI) (30) , RA (31), AD (32) , and MDD (33) derived from meta-GWAS are related to several health and SES outcomes among older adults. Our goal is not to estimate causal effects of these chronic conditions on these outcomes by using the PRS as instrumental variables (34) , which requires strong assumptions that are untenable in the context of the genome-wide PRS that we deploy. Instead, our aim is to understand whether these PRS are associated with a broader range of outcomes associated with longterm wellbeing.
The premise of our study is that the chronic conditions we investigate are heavily influenced by genetic risks which can be measured at the individual level using genome-wide PRS. As noted above, there is strong evidence for genetic influences on these conditions through twin studies and more recently through GWAS. We also show below evidence that the PRS are significantly predictive of the incidence of these chronic conditions. The onset and severity of these chronic conditions can substantially affect functional health such as general health status, cognition, psychosocial health, and mobility. By increasing an individual's predisposition to the onset and possibly the severity of chronic conditions, genetic risks captured by the PRS can exert lifelong and cumulative adverse effects on functional health outcomes. Therefore, we hypothesize that PRS capturing increased risks for CAD, T2D, obesity, RA, AD, and MDD are associated with declines in functional health both in physical and mental domains. No prior study has directly tested this hypothesis. As noted above, genetic risks captured through PRS are not influenced by report errors and biases and are less prone to confounding compared with self-reports of chronic conditions. They can also capture effects from preclinical manifestations.
Our second objective was to examine whether the individuallevel genetic risks for such chronic conditions are related to worse SES, including educational attainment and wealth. As noted above, early onset and preclinical manifestations of these chronic conditions can have negative influences on physical, cognitive, and emotional health that accumulate over time, which may in turn reduce academic achievement. Furthermore, the declines in functional health and educational attainment associated with the onset and severity of these conditions can also reduce employment and economic productivity, which would in turn decrease wealth accumulation. Therefore, our second hypothesis is that greater genetic predisposition to the above-mentioned chronic conditions is associated with lower educational attainment and wealth. This is the first study to directly test and evaluate the effects of these specific genetic risks on education and wealth.
Design and Methods

Data
Our data are from the HRS which provides biennial, longitudinal data beginning in 1992 for a nationally representative sample of individuals 50 years or older and their spouses. Baseline interviews were followed by biennial reinterviews currently available through 2012. The HRS obtained DNA samples from participants who were alive in 2006 and 2008. These DNA samples were genotyped in a GWAS panel of nearly 2 million SNPs. We linked the HRS GWAS data to survey data from 1992 to 2012.
Of the 12,507 genotyped participants, 12,358 passed quality control filters. Because allele frequencies may differ by ancestry resulting in population stratification bias (35), we focused on the 9,453 self-reported non-Hispanic whites with GWAS data. We also show results using all respondents after adjusting for ancestry. We focused on life-long effects among individuals aged 65 or older at their last HRS interview since they have greater variation in the key well-being outcomes we study like poor/fair health, activities of daily living (ADLs), or cognition (discussed below) than younger adults and a longer period for genetic effects to manifest. Furthermore, only 2.3% of the sample has their last HRS interview before age 65. Our main analytical sample includes 7,338 self-reported non-Hispanic whites born before 1948. When including non-whites, the sample includes 9,317 individuals.
Outcomes
The health outcomes were self-reported health, depressive symptoms, cognitive ability, ADLs, and instrumental ADLs (IADLs). These outcomes were based on the responses from the last survey of each participant. We evaluated self-reported health using the traditional five-category ranking scale and as a binary outcome contrasting fair or poor health with good, very good, or excellent health. Limitations in everyday activities were based on the number of reported ADLs or IADLs that could not be performed or were performed with difficulty. The ADLs included bathing, dressing, eating, getting in and out of bed, and walking across a room, and the IADLs included using the phone, managing money, taking medications, shopping for groceries, and preparing hot meals. We evaluated depressive symptoms using the Center for Epidemiologic Studies Depression 8-item scale, both as a count of the symptoms endorsed and a binary outcome for being at or above the threshold for depression risk (three or more). Cognitive ability was measured by the Telephone Interview for Cognitive Status (36) , which sums the number of correct items from a seven item mental status test, ten item immediate and delayed word recall tests, and serial sevens.
We examined SES via education and total wealth. We measured education via total years of formal schooling and by two binary indicators (less than a high school education and completion of college). Total wealth included all self-reported assets minus debts from the last survey.
Polygenic Risk Scores (PRS)
We calculated genome-wide PRS for BMI, CAD, T2D, MDD, AD, and RA. First, we evaluated the quality of the genetic data by applying standard filters for minor allele frequencies, minimum genotyping success, and Hardy-Weinberg equilibrium (leaving ~1.7M SNPs). For each PRS, we used the most recently available meta-GWAS (note that none included data from the HRS) (29, 30, 32, 33, 37, 38) . A weighted mean for each individual across all SNPs that were available in both the meta-GWAS and the HRS-GWAS was then calculated using the SNP effects in the meta-GWAS as weights. SNPs that are stronger predictors of chronic disease are weighted more heavily, which is the standard approach for deriving PRS (39) (40) (41) . Increases in each of the chronic diseases, PRS, indicate a higher genetic risk. The PRS were then standardized on the HRS-GWAS sample in order to estimate the effects of a one standard deviation (one-SD) change compared with the sample mean.
Statistical Analysis
We begin by showing that the PRS were significantly related to their respective chronic diseases based on participant self-reports of ever having been told by a health professional that they had these conditions using logistic regression. We can do this for all conditions except for RA since the survey does not differentiate between RA and other arthritis types. Next, we examined the simultaneous associations of the PRS in regressions for each of the health and SES outcomes by including all PRS jointly in each model using ordinary least squares for continuous survey outcomes (except wealth, for which we used median regression due to its skewness) and logistic regressions for binary outcomes. All regressions adjusted for gender, birth period (1916, 1916-1920, 1921-1925, 1926-1930, 1931-1935, and 1941-1947 with 1936-1940 as the reference group), and the first ten principal components for ancestry were estimated from the HRS-GWAS data. Because our goal was to examine the total effects of the PRS on the functional and the SES outcomes through all potential mechanisms, our main models did not adjust for mediating pathways as that would result in partial effects of PRS. For instance, we did not adjust for self-reported chronic conditions or more smoking or exercise as these could be pathways through which genetic predisposition affects the functional health and SES. In additional models, however, we added the self-reported chronic conditions to evaluate if genetic predisposition captured additional information, such as preclinical manifestation, illness severity, and measurement error in self-reports of conditions.
Results
The sample summary statistics for the main analytical sample of non-Hispanic whites are shown in Table 1 . The prevalence of reported chronic conditions ranged from 8% (memory problems) to 39% (heart problems). Nearly, one-third reported being in poor or fair health and 20% were above the Center for Epidemiologic Studies Depression threshold indicating depression risk. One-fifth did not graduate high school, and nearly one-quarter were college graduates. Median net wealth was about $60,000.
The PRS were significantly related to their respective health conditions captured in the survey (Supplementary Table S1 ). All regression results are reported in terms of a one-SD change in the PRS. Some of the associations were large, with more than doubled odds for obesity (p < .001) and diabetes (p < .001). Other associations were more moderate, predicting increased odds by 55% for memory problems (p < .05), by 21% for heart diseases (p < .001), and 13% for psychiatric problems (p < .01). The differences in these associations Note: The table shows means and SDs in parentheses for continuous variables and rates for categorical variables. The outcomes are measured from each participant's last interview with non-missing data (survey data available between 1992 and 2012) for a total sample of 7,338 individuals (7,324 individuals for cognition summary score and 7,336 for years of education). Obesity is based on the last BMI exceeding 30. Heart problems, diabetes, psychiatric problems, and memory problems are based on the report being told by a health care professional that the participant has had these conditions. Selfreported health was coded 1 for excellent, 2 for very good, 3 for good, 4 for fair, and 5 for poor. Fair or poor self-rated health is a binary contrast indicator. are due to both differences in heritability of the different conditions and variability in the precision of GWAS estimates (eg, as a function of GWAS sample size). Also, self-reported error varies between these conditions in the HRS dataset and is markedly less for certain conditions such as diabetes than others such as heart problems (26) .
The associations of the PRS with the functional health outcomes were considerable ( Table 2 ). The PRS for BMI, CAD, MDD, AD, and AD were significantly related to a variety of worse outcomes. In contrast, the T2D PRS was not associated with worse functional health outcomes, and there was no evidence that this overall null finding resulted from multicollinearity with the other PRS (the variationinflation factor for the T2D score was 1.3, well below the threshold of 10 indicating a potential collinearity issue). A sensitivity analysis that included only the T2D PRS also failed to find any associations with most of the functional health outcomes (Supplementary Table S2 ). When including non-whites, similar results were largely observed although results for the MDD score were attenuated (Supplementary Table S3 ).
Among non-Hispanic whites, the associations with self-reported health were largest for the BMI and AD PRS, with a one-SD increase in PRS corresponding to nearly 5% reduction in self-reported health relative to the sample mean (regression coefficients in Table 2 divided by sample mean of self-reported health in Table 1 and then multiplied by 100) and 30% greater odds of reporting poor or fair health. The CAD, MDD, and RA PRS had smaller yet meaningful associations, including 10% increase in odds of poor or fair health with one-SD PRS increase.
The largest associations with depressive symptoms and the clinical threshold were for the BMI and AD PRS, with 50% greater depression odds per one-SD score increase. The MDD PRS was also associated with greater depression odds but by only 12% suggesting that the BMI and AD PRS were related to a wider range of depressive states, including less severe forms of depression than the MDD PRS.
The BMI score was not significantly related to cognitive ability, but the PRS for CAD, AD, and RA were significantly related to declines in the cognitive ability score by 1%, 4%, and 1% relative to the sample means, respectively, with one-SD score increase. The MDD PRS was also marginally associated with a 1% decline in cognitive ability. Fewer associations were observed with ADLs than the other functional health outcomes. Only the BMI PRS was significantly related to more ADLs by 24% at sample mean. IADL limitations were greater with higher AD PRS by 28%. Interestingly, the T2D PRS was associated with an improvement in similar magnitude.
All PRS except for T2D were also significantly related to SES declines. One-SD increases in genetic risks for BMI, CAD, and AD were associated with 0.3 fewer educational years while the RA PRS was related to 0.2 fewer years ( Table 3 ). The increase in odds of less than a high school education ranged from 34% with the BMI PRS to 16% for the MDD PRS, while the decline in odds of college graduation ranged from 21% for CAD to 13% for RA. The BMI, CAD, AD, and RA PRS were consistently related to lower schooling on all three educational attainment measures. In contrast, the MDD PRS was related to a 10% increase in the odds of college graduation.
Finally, the PRS for BMI and AD were significantly associated with reductions in median wealth of about $5,000, while the CAD and RA PRS were associated with nearly $2,000 lower wealth. Similar results were generally observed when adding non-whites, but with generally less pronounced associations especially for MDD (Supplementary Table S4 ).
Discussion
The majority of older adults have two or more chronic diseases and must cope with their attendant illness burdens through their remaining life. Understanding the relationships between the underlying mechanisms for these conditions and long-term wellbeing including for binary outcomes of a one-SD increase in the polygenic risk scores (with 95% confidence intervals in brackets) in regressions for functional health outcomes. The polygenic risk scores were all included together in each regression model. A separate regression model was estimated for each functional health outcome. Models were estimated using linear regression for continuous outcomes and logistic regression for binary outcomes. All models were adjusted for gender, birth period, and the first 10 ancestry principal components from the GWAS data. Self-reported health was coded 1 for excellent, 2 for very good, 3 for good, 4 for fair, and 5 for poor. Fair or poor self-rated health is a binary contrast indicator. Depressive symptoms are measured by a number of eight endorsed symptoms. Depression threshold reflects three or more depressive symptoms. Cognition is the summary scale score ranging from 0 (worst) to 35 (best) reflecting immediate and delayed word recall, mental status, and serial 7s derived from the Telephone Interview for Cognitive Status. ADLs and IADLs are the number of difficulties with activities of daily living or instrumental activities of daily living. All outcomes are measured at the last follow-up interview with the participant. * p < .1, ** p < .05, *** p < .01. BMI = body mass index. genetic links may offer insights into strategies for promoting successful and healthy aging (22, 23) . We show that genetic predispositions to major chronic health conditions are strongly and consistently related to several aspects of functional health and SES among older adults. We assess the meaningfulness and clinical relevance of these associations by comparing them to changes in the same health outcomes with age, estimated from regressions of the outcomes on age adjusting for gender (and race/ethnicity) in the same sample (Supplementary Table S5 ). For most outcomes, the effects of a one-SD PRS increase are equivalent in magnitude to multiple years of aging, especially for self-reported health and depressive symptoms. For example, the decline in self-reported health associated with a one-SD increase in the BMI PRS is equivalent to nearly 7 years of aging, while the decline in cognitive ability with a one-SD increase in the AD PRS is equivalent to nearly 3 years of aging. These findings suggest that heritable biological risks for chronic conditions captured through PRS are associated with meaningful long-run declines in functional health and lower lifelong socioeconomic achievements. The key mechanism underlying these associations is likely the impact of onset of chronic conditions on the studied outcomes. Because genes are inherited at conception, the interplay between genes and these outcomes may start early in life, in the form of earlier onset of chronic conditions or preclinical presence, and intensify over time.
Although all the PRS other than for T2D have meaningful associations with both functional health and SES outcomes, the BMI and the AD PRS show overall larger effects. Obesity can have an early onset beginning in childhood and can have lifelong effects on multiple health conditions (42) as well as socioeconomic achievement including income (21) . Therefore, it is not surprising that the BMI PRS has systematic and prominent associations with the examined outcomes. The predictive power of the BMI PRS may also be due to the lower measurement error in BMI and especially the large sample used for its GWAS compared with other conditions. The AD PRS had the largest association with cognitive decline among all scores by at least three times. Such cognitive declines may be key mediators for the associations between the AD PRS and reduced physical and mental health wellbeing. Furthermore, nearly 5% of AD cases may have early onset prior to 65 (43) . The smaller associations with the other conditions may potentially reflect a combination of more effective medical management such as with medications as well as more delayed effects, in addition to less predictive power of the PRS.
Our study adds to the accumulating evidence that genetic effects characterized by GWAS are strongly associated with secondary outcomes related to the GWAS target traits, as shown recently in greater genetic predisposition to obesity being associated with higher medicare expenditures (18) . Our findings have important implications. The functional health indicators that we studied-self-reported health, depression, cognitive health, and ADLs-are among the official yardsticks used to measure and track population health and evaluate whether public health policies are successful (44) . Adjusting for underlying genetic predispositions enables a more accurate assessment of the role of genetic versus non-genetic factors in the etiological process leading to these functional health outcomes. Further, these genetic risks may have implications for modifying health services use and expenditures (18) . Evaluating these effects may ultimately be useful for informing the designing of more effective care management programs and treatment plans that ensure adequate access to high quality and effective health services as well as access to prevention and health promotion programs early in life that may reduce the long-term adverse effects of genetic risks.
Since parents bequeath their children more than just genes, including early investments in their development, SES, and sometimes wealth transfers, one should consider the possibility that the genetic associations we observed partly reflect intergenerational effects through parents' genetic risks and health. Observed associations may be due partly to the conditions in the previous generation since parental genetic predispositions for chronic conditions affect their own health, which in turn may affect their children's SES and health (eg, a chronic condition limits the parent's economic opportunities). Although this does not bias the magnitude of the overall genetic risk that we estimated, without access to parental PRS, the contributions of the individual and parental genetic risks cannot be for binary outcomes of a one-SD increase in the polygenic risk scores (with 95% confidence intervals in brackets) in regressions for socioeconomic status outcomes. The polygenic risk scores were all included together in each regression model. A separate regression model was estimated for each functional health outcome. Models were estimated using linear regression for years of education, logistic regression for binary outcomes, and median regression (with 1,000 bootstrap replications for standard errors) for wealth. All models were adjusted for gender, birth period, and the first 10 ancestry principal components from the GWAS data. Total wealth is coded in $10,000 increments. All outcomes are measured at the last follow-up interview with the participant. * p < .1, ** p < .05, *** p < .01. BMI = body mass index.
disentangled. The HRS, however, did obtain data on parental educational attainment, and we used these data to further adjust the models for the functional health and SES outcomes to approximate how much of the polygenic risk score associations might reflect parental effects. For both functional health (Supplementary Table  S6) and SES (Supplementary Table S7 ), comparable results were observed for most of the PRS. The exception was for the Alzheimer's PRS, which had smaller and mostly insignificant associations with SES attainment after adjusting for parental education, although its strong associations with the functional health outcomes remained. HRS also included data on whether the participants' parents were alive at each participant's interview and their age at death or the last interview. After re-estimating the models with further adjustments for these data, we again observed comparable results for most of the PRS (Supplementary Tables S8 and S9 ). Taken together, these additional analyses suggest that the associations we found were not confounded by these indicators of parental SES and health. Nonetheless, examining this question in future research with intergenerational data on genetic risks, and long-term health and SES outcomes would be useful to separate parental and individual effects.
Because of errors in self-reported chronic conditions and since the PRS may capture early onset, preclinical manifestation, and illness severity, the associations we found are not fully captured by the self-reported conditions themselves. Indeed, adjusting for the self-reported health conditions from the survey data that are closest to the conditions corresponding to the PRS attenuated but did not eliminate most of the associations (Supplementary Tables S10  and S11 ). This shows that the PRS capture additional information about predisposition to chronic conditions above and beyond selfreported data and demonstrate the value of directly evaluating the total effects of genetic risks on functional health and SES attainment and that self-reported conditions are not optimal measures of genetic risks.
Two caveats of our study are worth noting. The PRS include measurement error which would attenuate associations towards the null. Larger meta-GWAS in the future will enable the construction of more powerful and predictive PRS. Another potential issue is mortality of HRS participants prior to DNA collection in 2006 and 2008. If individuals with greater genetic risks for chronic disease and worse functional health outcomes were more likely to die, the PRS associations that we estimated on the sample with genetic data could also be attenuated as suggested in other work (45) . Both of these issues would suggest that the estimates of PRS associations with the functional health and SES outcomes that we obtain are lower bound and that such associations would even be larger in the population. Finally, it is worth highlighting that our conclusions are not dependent on multiple testing as our goal was not to test for separate genetic predictors of independent outcomes but instead to jointly evaluate how genetic predispositions to several chronic conditions are associated with well-being indicators. However, most of the PRS associations remain statistically significant even when using a strict approach to account for multiple comparisons like Bonferroni correction. For example, four of the five PRS associations with selfreported health remain statistically significant using a Bonferroni adjustment for evaluating seven functional health outcomes.
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